Abstract: Currently used synthetic vascular grafts bear a high infection risk due to insufficient microvascularization of the graft wall disabling the infiltration of immune cells. Tissue-engineered grafts with a functional pre-vascularization thus would be desirable. However, autologous tissue sources for capillary forming cells need to be evaluated. Here, peripheral blood outgrowth endothelial cells (PB-OEC) from 17 healthy donors and pericyte-like mesenchymal stem cells derived from adipose tissue (ASC) of 17 patients scheduled for visceral surgery were characterized and investigated regarding their ability to form capillary-like networks in plasma-derived fibrin gels. To obtain proliferating PB-OEC with endothelial cell-specific properties (CD31-, VE-cadherin-expression, ac-LDL uptake and three-dimensional (3D)-tube formation in fibrin gels) both enrichment of CD34 + blood cells and young donor age was necessary (7/17, age ≤ 24 years). In contrast, all isolated ASC revealed the expression of surface antigens expressed on pericytes [human neural/glial antigen-2 (hNG2), platelet-derived growth factor receptor β (PDGF-Rβ)] and showed mesodermal differentiation capacity. Moreover, co-culture of PB-OEC and ASC in fibrin gels resulted in highly branched capillary-like networks with significantly increased tube length (2.9-fold, p < 0.0001) and number of junctions (8-fold, p < 0.0001). In conclusion, successful cell isolation from autologous tissues for pre-vascularization of vascular grafts has been demonstrated although certain limitations for autologous EC require further strategies to enable the use of allogeneic cells.
Introduction
Cardiovascular disease is the number one risk of death worldwide [1] and often require vascular surgery to replace, bypass or access vessels. The method of choice in vascular surgery is the use of autologous native vessels due to their low risk of thrombus formation and infection. However, an increasing number of patients suffer from atherosclerosis or varicosis which limits the application of autologous arteries [2, 3] . The second best option is the use of alloplastic prostheses consisting of materials like expanded polytetrafluoroethylene. These materials come off-theshelf and are easy to handle but prone to thrombogenicity and graft infections [4] . An alternative for alloplastic materials are tissue engineered vascular grafts consisting of a scaffold as structural component and cells of the vascular wall [5] . In terms of scaffolds, a number of synthetic polymers and biological materials have been tested [5] . In particular, hydrogels like fibrin, which can be easily isolated from autologous peripheral blood, are extensively studied regarding their potential application as scaffolds for vascular grafts [6] [7] [8] . In addition to the scaffold material, pre-vascularization of the graft wall is believed to be of advantage as it mimics the vasa vasorum of native vessels that contribute to control of infections through blood supply. The vasa vasorum consist of a network of micro vessels within the adventitial layer of blood vessels that is built of lumen forming endothelial cells and surrounding stabilizing mural cells comprising pericytes and smooth muscle cells [9] . In particular, a lack of pericytes is considered to leave the microvascular wall unprotected and prone to regression [10] . For the generation of a fully autologous pre-vascularization of a tissue engineered graft it would thus be desirable to isolate patient-specific cells capable of forming a sufficient vascular network. In the past, the isolation of endothelial cells from umbilical cord blood was shown to be quick, easy and effective [11, 12] but the allogeneic origin of these cells limits their application in the clinic. Peripheral blood represents an easy accessible autologous cell source for the isolation of endothelial cells. However, compared to umbilical cord blood the procedure is more time consuming, labor intense and associated with a number of limitations in terms of cell yield, proliferation, migration, reproducibility and the age of the donor [12] [13] [14] . Moreover, due to the minimal yield of pericytes out of autologous tissue, isolation is difficult and prone to failure. The highest density of pericytes is found in the retina and other neural tissues, lung and skeletal muscles [15] . However, it has been reported, that pericytes resemble mesenchymal stem cells in terms of surface marker expression, trilineage differentiation [16, 17] and vessel stabilizing function [18, 19] . Thus MSC may represent an alternative cell type for the generation of vasa vasorum. Adipose tissue is an easily accessible autologous cell source and adipose tissue derived mesenchymal stem cells (ASC) have been shown to be useful in several disciplines of regenerative medicine due to their broad differentiation capacity into most mesodermal lineages [20] . It remains uncertain whether there are also drawbacks in the isolation of ASC from donors with fragile health similar to those seen with endothelial cells. Therefore, we here evaluate the suitability of vascular cells from autologous tissue sources to generate capillarylike networks in fibrin gels that mimic the vasa vasorum of native vessels. In particular, we investigate the tube formation potential of autologous peripheral blood-derived late outgrowth endothelial cells (PB-OEC) from healthy donors of different ages and the supportive action of ASC obtained after visceral surgery from patients of poor health.
Results
To explore cell sources for autologous pre-capillarization of fibrin-based vascular implants, the isolation and differentiation of endothelial cells from peripheral blood from healthy donors and of ASC from adipose tissue obtained by visceral surgery was performed.
Isolation of PB-OEC from peripheral blood
From 12 healthy donors (35±15 years, min/max 23/70 years) PBMC were isolated and cultured according to standard procedures for generation of PB-OEC [21] . However, for so far unknown reasons this method which has been reported to be successful in many cases before [21] [22] [23] did not result in endothelial-like cells in our hands. Therefore, in a new approach, endothelial progenitor cells (EPC) were enriched prior to cultivation by their specific surface antigen CD34. From 3.4 to 15.0 × 10 8 PBMC of a new set of 17 healthy donors (31±12 years, min/max = 20/55 years, Table 1 ) CD34 + cells were isolated by magnet-activated cell sorting yielding 1-5 × 10 6 cells (0.15%-0.51%). Attached cells showed a spindle-like shape within 7 days (early OEC; Figure 1A ) which formed after 10-14 days 1-2 colonies per well showing the typical cobblestone-like morphology indicating the outgrowth of endothelial cells which were designated as peripheral blood outgrowth endothelial cells (PB-OEC, Figure 1B) . From all magnetsorted cells only a minority acquired the phenotype of OEC. Moreover, passaging of PB-OEC and expansion to confluence was only successful with seven donors which were relatively young (24±3 years, min/max = 20/27 years, Table 1 ) whereas the expansion of the older donors (34±12 years, min/max = 24/55 years, Table 1 ) was not possible. Spearman's correlation between age and PB-OEC expansion was r = -0.443; p = 0.013. These PB-OEC clones were characterized for mature endothelial markers and functionality.
Morphological and functional characterization of outgrowth endothelial cells
PB-OEC were stained for typical surface antigens of mature endothelial cells by immunofluorescence cytochemistry and compared to mature human umbilical vein endothelial cells (HUVEC). Staining revealed the expression of CD31 and VE-cadherin in both EC to the same extent (Figure 2A-D) . Moreover, for functional characterization the up-take of acetylated LDL was assessed. PB-OEC took up acLDL to the same extent than HUVEC indicating functional expression of scavenger receptors ( Figure 2E and F) .
Mature endothelial cells are capable to form capillary networks [18] , therefore PB-OEC and HUVEC were used to perform a 3D tube formation assay in fibrin gels. Similar tube formation occurred with either cell type within 72 h displaying several single tubes with a general low number of branches and connections ( Figure 3A ). Tube formation analysis by Angiotool software [24] ( Figure 3B ) revealed a significantly higher number of junctions in capillaries formed by PB-OEC (2.63-fold, p < 0.0001), and a slightly increase tube length (p < 0.05), whereas tube area and number of tubes remained unchanged ( Figure 3C) .
Because of the obvious lack of highly branched capillaries within the 3D networks, we next assessed the capacity of mesenchymal stem cells isolated form adipose-tissue (ASC) to stabilize the vascular wall in a pericyte like manner.
Isolation and characterization of ASC
ASC were successfully isolated from 17 different donors and displayed a fibroblast-like morphology with long, elongated cells ( Figure 4A ). Flow cytometry performed on five donors at passage 1-3 revealed the expression of typical mesenchymal stem cell surface antigens (98.4±3.2% CD73, 98.5±2.1% CD90, 99.3±0.6% CD105) and the absence of hematopoietic markers (3.4±1.7% CD14/CD20/CD34/CD45, Figure 4B ). The stem cell character of the isolated cells was proven by the differentiation into the three mesodermal lineages cartilage ( Figure 4C ), bone ( Figure 4D ) and adipose tissue ( Figure 4E ) by specific staining. To evaluate the pericyte like nature of ASC typical markers PDGFR-β and hNG2 were stained by immunocytochemistry. ASC showed the same expression of hNG2 and PDGFR-β as human vascular brain pericytes ( Figure 5 ).
Tube formation assay with endothelial cells and ASC in three-dimensional fibrin gels
ASC were added to the tube formation assay of either EC type in two ratios: 1:0.5 and 1:1. Co-culture in both ratios changed the appearance of capillaries towards a thinner and highly branched network with ASC laying adjacent to the tubes as demonstrated for HUVEC+ASC ( Figure 6A ). Both ratios of ASC were equally efficient ( Figure 6B and C). Analysis by Angiotool software ( Figure 6D and E) was performed and revealed an unchanged tube area but a significant 8-fold increase in the number of junctions (p < 0.0001), a 2.99-fold increase in the tube length (p < 0.0001) and a 0.51-fold decrease in the tube number (p < 0.01) for a ratio of 1:0.5 ( Figure 6E ). In co-cultures with PB-OEC, ASC in both ratios had essentially the same effect resulting in constant tube areas, significant increase in the number of junctions and tube length but decrease in tube number to comparable extents ( Figure 6F and G). These changes indicate that ASC are able to perform pericyte functions and result in less single capillaries but higher branched networks resembling vasa vasorum in the tunica adventia of native vessels.
Discussion
The generation of autologized vascular grafts is still a distant goal in vascular tissue engineering. In the past, many efforts have been undertaken to evaluate not only highly biocompatible scaffold materials like hydrogels [18] , decellularized arteries [25, 26] or polymers [27] , but also the isolation of vascular cells from autologous tissue sources has been intensively pursued [28, 29] .
In the present study two autologous tissue sources have been evaluated for pre-vascularization of fibrin gels: Peripheral blood for the isolation of endothelial cells and adipose tissue for the isolation of adipose-tissue derived mesenchymal stem cells. The major findings are: (i) Isolation of endothelial progenitor cells was necessary to obtain outgrowth endothelial cells from peripheral blood, (ii) PB-OEC had the morphology and functionality of mature endothelial cells including tube formation capacity and (iii) 3D tube formation of OEC and mature HUVEC was supported towards capillaries with increased branching by co-culture with ASC.
Peripheral blood is the most suitable source for the isolation of autologous cells since its access is non-invasive and causes minimal inconvenience for the patients. ASC were isolated from adipose tissue by liberase/DNase digestion and displayed an elongated cell shape after cultivation on plastic (A). Flow cytometry revealed the expression of mesenchymal stem cell surface antigens CD73, CD90 and CD105 and the absence of hematopoietic antigens such as CD14, CD20, CD34 and CD45. Graphs represent data from one ASC donor only whereas numbers below show the range and mean expression±SD from five different donors (B). ASC of three different donors were capable to differentiate towards the chondrogenic, osteogenic and adipogenic lineages (C-E). Scale bar represents 100 μm. peripheral blood has been described in the past by several authors (reviewed in [28, 30, 31] ). Plating of PBMC on collagen I-or fibronectin-coated cell culture dishes results after 4-9 days in formation of early outgrowth cells that give rise to highly proliferative late outgrowth cells after 2-4 weeks [32] . The latter ones also called endothelial . The addition of ASC in both ratios significantly increased tube length and number of junctions in capillary-like networks formed by HUVEC (F) and peripheral blood outgrowth endothelial cells (PB-OEC; G) whereas the number of tubes was decreased. Shown are means±SEM of two PB-OEC donors resp. three independent experiments with HUVEC with five replicates of which two photos were taken. **p < 0.01; ***p < 0.001; # p < 0.0001. Scale bar represents 100 μm.
colony forming cells (ECFC) show the typical cobblestone morphology and express endothelial markers like CD31, VEGFR-2 and VE-cadherin. Though the protocol for the isolation of these late outgrowth cells has been described recently in detail [21, 33, 34] in our hands the cultivation of PB-OEC from the whole PBMC fraction was ineffective since early outgrowth cells from 12 different donors could not be expanded sufficiently and died after 6-8 weeks. The reason for this is essentially unknown but may be related to varying numbers of endothelial progenitor cells (EPC) in the PBMC preparations performed. EPC were reported to represent only 0.01% of whole blood cells [35] and seem to be an inhomogeneous population comprising bone marrow-derived hematopoietic EPC, circulating endothelial cells sloughed off from the vascular intima, and marrow-derived outgrowth endothelial cells (reviewed by [36] ). Since all these different circulating EPC express the surface antigen CD34, we decided to enrich CD34 + cells from a rather large blood volume prior to cultivation according to the described protocols. CD34-MACS yielded 0.15 to 0.51% positive cells from buffy coats obtained after blood donation of 500 mL. This high number of isolated CD34
+ cells obviously resulted from co-isolation of hematopoietic stem cells also carrying CD34
+ and probably also from contaminations caused by cross-reactivity of the CD34-antibody with other cell types. Isolation of CD34 + cells has been described first by Asahara et al. as a source for angiogenic active cells [37] . In this study, the isolated CD34 + cells were cultivated up to 21 days and were shown to express typical EC marker but failed to show a cobblestone morphology. In our study, the enrichment of CD34 + cells from PBMC resulted within 7 days in early outgrowth cells and within 10-14 days in few colonies per well of highly proliferative late outgrowth EC with cobblestone morphology, expression of CD31, VE-cadherin and capability for ac-LDL uptake. As reported by Sieveking [38] , paracrine factors of early OEC were necessary for the growth and the tubulogenesis of late OEC. In our cultures, most likely both cell types existed in parallel, since the late OEC appeared only in few colonies from a minority of early OEC. These cells were indeed able to form 3D tubes in a fibrin-based tube formation assay, thus indicating a fully functional and highly proliferative autologous cell source for vascular tissue engineering. However, three drawbacks of these cells warrant consideration. First, at this point we were not able to quantify the expression of CD34 and other surface markers both directly after isolation and on late PB-OEC to ensure purity and identity on a quantitative level. For both approaches, the appropriate method would be flow cytometry. The isolated not yet attached cells require staining in suspension which can be easily quantified by a flow cytometer. For late PB-OEC that show typical mature endothelial features like cell surface antigens CD31, vWF, eNOS and tube formation capability, we assume that early blood cell lineage markers such as CD34 are largely down regulated [39] and thus are not detectable on a single cell level by immunocytochemistry. However, the cell number isolated and obtained after differentiation was extremely small preventing the use of a method requiring rather high cell numbers like flow cytometry. In the future, large scale approaches will be performed to monitor the purity of isolated CD34
+ cells and to quantify the expression of endothelial surface markers and maintenance of CD34 expression during culture.
Second, proliferative cells could not be obtained from all 17 donors but only from 7. Interestingly, successful proliferation of PB-OEC correlated significantly with a younger age of the donors ranging from 20 to 27 years. Age-dependence has been observed in the past when early outgrowth cells from 25-and 61-year-old donors were compared with respect to their survival, proliferation and migration capacity [14] . The limited functionality of these cells has been linked to age-related vascular dysfunction. Our study now demonstrates an even more restricted age spectrum for the isolation of functional endothelial cells for vascular tissue engineering since the "older" donors had an average age of 34 (min/max 24/55) years. The impact of age on the outgrowth capability of EPC is also illustrated by the fact that EPC from umbilical cord blood show a robust proliferation rate making it unnecessary to purify CD34 + cells prior to cultivation [12] . Thus, the second drawback of PB-OEC is clearly the limitation to young healthy donors making it illusive to isolate these cells from old cachectic patients. Other strategies thus become increasingly necessary to enable the use of additional autologous cell sources or allogeneic endothelial cells for tissue engineering purposes. Silencing the immunological profile of endothelial cells by downregulation of HLA molecules via retroviral transfer of beta2-microglobin siRNA would allow the use of EC from allogeneic tissue sources which may replace autologous PB-OEC in the future [40] .
The last drawback is the limited capability of endothelial monocultures to form stable capillary networks. Though vascular-like network formation is one of the main characteristics of endothelial cell function, the tubes formed by endothelial cells alone are not very robust (reviewed by [18] ). This is not surprising since natural capillaries are supported by mural cells or perivascular cells that comprise pericytes and smooth muscle cells [41] . In particular while pericytes are thought to be mainly microvascular, smooth muscle cells are found in bigger capillaries. Pericytes isolated from kidney vasculature have been shown to improve tube formation in a similar assay as used in our study [42] . Since autologous tissue sources for the isolation of pericytes are hardly available, we here aimed to replace them by mesenchymal stem cells obtained from adipose tissue. ASC and pericytes do not only share several surface markers and differentiation capacity [16] , but have also been reported to improve vascularization similar to pericytes after injection in a rat model of mesenteric inflammation and vascular remodeling [43] . ASC used in the present study were isolated from adipose tissue from patients scheduled for visceral surgery yielding variable cell numbers but morphologically and functionally homogenous cell populations (Table 2, Figure 4 ). Thus, in contrast to the isolation of endothelial cells, the age and the status of health of the donors had no influence on viability and functionality of the ASC populations. The pericyte like character of these ASC was confirmed by staining for two pericyte markers, namely hNG2 and PDGF-Rβ prior to co-cultivation of PB-OEC and ASC in the tube formation assay. As expected, in this assay ASC addition in both ratios (1:0.5 and 1:1) changed the tube shape to a more complex, highly branched capillary network which was similar for HUVEC and PB-OEC. The ratio of EC and ASC seems to be crucial for the capillary-supporting action of the latter, since a 1:0.25 and a 1:2 mixture of EC and ASC resulted in less branched tubes (data not shown). Similar results have been observed for co-cultures of EC and bone marrow-derived MSC in collagen-fibrin gels, where a 5:1 ratio ( = 1:0.2) resulted in reduced capillary network formation, but no difference in vasculogenesis was shown for the 3:2, 1:1, 2:3 and 1:5 ratio [19] . Also in [43] increasing numbers of ASC (up to 1:1) resulted in more branched and numerous tubes. In this study it was shown that also VEGF-A levels in the gel supernatants grew steadily with increasing ASC numbers, referring to the paracrine action of ASC. This notion was confirmed by Rohringer et al. [23] were the secretome of ASC was determined comprehensively, showing a bunch of angiogenic and mitogenic factors that supported endothelial growth and tube formation. However, in the same study it was shown that supernatants alone were not sufficient to support endothelial tube formation but that cell-cell contacts were necessary to convey the vasculogenic action of ASC. For pericytes this action was broken down to an enhanced assembly of the vascular basement membrane by expression of several extracellular matrix proteins like fibronectin, laminin and integrins which was conferred by tissue inhibitor of metalloprotease (TIMP)-3 [44] . Moreover, hNG2 expressed on the surface of pericytes was shown to increase endothelial cell motility by an integrin β1-mediated mechanism [45] .
Since hNG2 was present also on ASC used in our study, this action could also account for the supportive vasculogenic action observed.
In conclusion, we demonstrated in this study further steps towards the generation of pre-vascularized grafts. On the one hand we re-evaluated a known cell source for autologous endothelial cells showing considerable limitations in cell proliferation dependent on the age of the donors. On the other hand we showed that ASC from elder and cachectic donors completely fulfilled the requirements to support endothelial vasculogenesis and thus confirmed the suitability of these cells from autologous tissue sources for vascular tissue engineering.
Materials and methods

Primary cells
HUVEC were purchased from Pelobiotec (Planegg/Martinsried, Germany). Moreover, for easier visualization, red fluorescent protein (RFP) expressing HUVEC (also Pelobiotech) were used for tube formation assays.
Peripheral blood outgrowth endothelial cells (PB-OEC):
Mononuclear cells were isolated from 12 healthy volunteers (35±15 years, min/max = 23/70 years, 6 male/6 female) after informed consent. Buffy coats were diluted 1:2 with phosphate buffered saline (PBS) and density gradient centrifugation in 1.077 g/mL Biocoll solution (Biochrom, Berlin, Germany) was performed. PB-OEC cultures were performed according to standard procedures [21] . Briefly, 5 × 10 6 cells per well were seeded in 24-well plates (Sarstedt, Nüm-brecht, Germany) coated with 50 μg/mL rat tail collagen type I (Life Technologies, Darmstadt, Germany) in complete EGM-2 Bulletkit (Lonza, Basel, Switzerland) supplemented with 5% fetal bovine serum (FBS, Pan Biotech, Aidenbach, Germany) and 1% penicillin/ streptomycin (Biochrom). Medium was changed three times a week. Since no proliferating PB-OEC were obtained by this method, PBMC were isolated from a second set of 17 healthy donors (31±12 years, min/max = 20/55 years, 11 male/2 female, Table 1 ), and CD34 positive cells were enriched by magnet activated cell sorting (MACS). MACS was performed according to the manufacturer's instructions ( Miltenyi Biotec, Bergisch Gladbach, Germany) using magnet beadcoupled anti-CD34 antibodies (Miltenyi) and isolated cells were cultivated at a density of 0.5 × 10 6 cells per well in 24-well plates under the same conditions as described above. PB-OEC appeared after 10-14 days of cultivation and were expanded to confluence on cell culture plates coated with 10 μg/mL human recombinant fibronectin (Biochrom).
Human adipose tissue-derived mesenchymal stem cells (ASC): ASC
were isolated from 17 donors (60±13 years, min/max = 31/78 years, 7 male/10 female) scheduled for visceral surgery after informed consent (Table 2) . Briefly, adipose tissue was washed with PBS, minced and digested in serum-free DMEM (Lonza) containing 37.5 μg collagenase (Liberase) and 25 U DNase (both Roche, Penzberg, Germany) per gram adipose tissue for 45 min at 37 °C under shaking conditions. The cell suspension was washed with PBS and filtered through a 100 μm-and 40 μm cell strainer (Corning, Kaiserslautern, Germany). Residual erythrocytes were lysed using distilled water and the cellular fraction was plated on tissue culture flasks (Sarstedt, Nürnbrecht, Germany) in DMEM containing 10% FBS, 1% penicillin/ streptomycin, 1% amphotericin B, 1% gentamycin (all from Biochrom) and 10 ng/mL b-FGF (Peprotech, Hamburg, Germany). Medium was changed three times a week and cells were passaged one to three times prior to characterization.
Characterization of endothelial cells
Immunohistochemistry: Endothelial cells (PB-OEC, 4 donors, passage 3-6, HUVEC, passage 3-6) were fixed with 4% paraformaldehyde (Sigma-Aldrich, Seelze, Germany), permeabilized using 0.1% Triton-X-100 (Sigma-Aldrich) and blocked with PBS containing 10% FBS, 0.1% bovine serum albumin (BSA, Sigma-Aldrich) and 0.05% Tween-20 (Sigma-Aldrich). Cells were stained for endothelial markers using the following antibodies: CD31 (Santa Cruz Biotechnology, Heidelberg, Germany) dilution 1:750; vascular endothelial (VE)-Cadherin (BD Biosciences, Heidelberg, Germany) 1:100; von Willebrand factor (vWF, Dako, Jena, Germany) 1:8000; and the corresponding secondary antibodies (Alexa fluor 555 anti-mouse 1:250 or anti-rabbit 1:100, Life Technologies). After incubation cells were washed with PBS and mounted with medium containing 4′,6-diamidino-2-phenylindole (Roth, Karlsruhe, Germany) to counterstain cell nuclei. Staining was assessed by fluorescence microscopy (Nikon Eclipse TE300, Düssel-dorf, Germany).
Ac-LDL uptake: Endothelial cells (PB-OEC, 4 donors, passage 5 and 6, HUVEC, passage 5) were incubated for 4 h with 10 μg/mL acetylated low density lipoprotein (Ac-LDL) coupled to Alexa fluor 488 (Life technologies) in cell specific medium. After incubation cells were washed with medium and ac-LDL uptake was examined by fluorescence microscopy (Nikon Eclipse TE300).
Laminar flow assay: Laminar flow assays were performed with a perfusion system (Ibidi, Planegg/Martinsried, Germany). Briefly, 1.2 × 10 5 endothelial cells (PB-OEC, 2 donors, passage 5 and 7, HUVEC, passage 6) were seeded on a flow chamber (μ-slide I 0.4 Luer). After 24 h the chamber was perfused for 48 h by continuous unidirectional flow resulting in 25 dyn/cm 2 and 42 dyn/cm 2 shear stress. Adaptation to flow was visualized by VE-cadherin staining (see above) and actin filament-staining by phalloidin-tetramethylrhodamine B isothiocyanate (50 μg/mL, Sigma-Aldrich, Seelze, Germany).
Characterization of ASC
Flow cytometry: Isolated ASC of 5 donors at passage 1-3 were characterized for typical mesenchymal stem cell surface antigens using the human MSC Phenotyping Kit (MACS Miltenyi Biotec). Briefly, 250,000 cells per sample were stained with directly labeled antibodies (CD73-APC, CD90-FITC, CD105-PE, CD14-PerCP, CD20-PerCP, CD34-PerCP, CD45-PerCP) and corresponding isotype control antibodies according to the manufacturer's instructions. Flow analysis was performed with the FACS Calibur (BD Biosciences) and data were analyzed using the flowing software 2.5.1 (University of Turku, Finland).
Tri-lineage differentiation of ASC: ASC from three donors at passage 3 were differentiated towards the adipogenic, chondrogenic and osteogenic lineages using specific differentiation toolkits and following the manufacturer's instructions (ATCC, Manassas, VA, USA). Successful differentiation was proved by oil-red-o/hematoxylin staining (adipogenesis), alcian blue/nuclear fast red staining (chondrogenesis) and alizarin-red-s staining (osteogenesis). To visualize intracellular lipid vesicles cells were washed with PBS, fixed with 10% formalin (Sigma-Aldrich, Seelze, Germany), incubated in 60% isopropanol (Applichem, Hannover, Germany) and stained with oil-red-o (Sigma-Aldrich) for 15 min. After excessive washing with water cells were counterstained with hematoxylin (Merck, Darmstadt, Germany) for 1 min. For the detection of acidic proteoglycans cells were fixed with 4% paraformaldehyde (SigmaAldrich), incubated in 3% acetic acid (Applichem) and stained with 1% alcian blue (Sigma-Aldrich) for 30 min. After incubation cells were washed with 3% acetic acid and water before they were counterstained with 0.1% nuclear fast red solution (Sigma-Aldrich) dissolved in 5% aluminum sulfate (Honeywell, Seelze, Germany). After excessive washing with water, cells were stepwise dehydrated using 96% and 100% ethanol (Roth). To detect extracellular calcium deposits, cells were washed with PBS, fixed with 10% formalin and stained with 2% alizarin-red-s solution for 45 min before excessive washing with water.
Immunohistochemistry for pericyte markers: ASC were stained for pericyte markers as described above using the following antibodies: Platelet-derived growth factor receptor-β (PDGFR-β, Cell Signaling, Leiden, The Netherlands) 1:100 and human neural/glial antigen-2 (hNG2, R&D, Wiesbaden-Nordenstadt, Germany) 1:100. Human brain vascular pericytes (ScienCell, Carlsbad, CA, USA) were stained as positive control.
Isolation of fibrinogen from human fresh frozen plasma by cryo-precipitation
Fifty milliliter of fresh frozen plasma which was obtained from the institute for transfusion medicine, Hannover Medical School, was thawed at room temperature; precipitated fibrinogen was collected by centrifugation for 5 min at 1600 rpm and 2 °C and dissolved in 5 mL supernatant at 37 °C. Protein content of the fibrinogen plasma solution was determined using the BCA method (Thermo Fisher Scientific, Schwerte, Germany) according to the manufacturer's instructions.
Tube formation assay
Tube formation assays were performed with endothelial cells [RFP-HUVEC (passage 5) and PB-OEC (2 donors, passage 4)] in monocultures as described previously [46] or in co-culture with ASC. The assay was performed in duplicate for PB-OEC and in triplicate for RFP-HUVEC. PB-OEC were labeled with celltracker orange CMRA and ASC were labeled with celltracker green CMFDA according to the manufacturer's instructions (Life Technologies). For monocultures 375,000 EC and for co-cultures 375,000 EC plus 187,500 ASC (ratio 1:0.5) or 375,000 ASC (ratio 1:1) were suspended in 340 μL fibrinogen plasma solution corresponding to 8.55 mg total protein. Fifty microliters per well of fibrinogen cell suspension were polymerized in 96-well plates by addition of 50 μL of 20 U/mL human thrombin-calcium chloride solution (Vascular Solutions, Minneapolis, MN, USA). 3D capillary networks formed within 72 h in the presence of 40 ng/mL VEGF 165 , 40 ng/mL b-FGF (both Peprotech, Hamburg, Germany) and 1000 U/mL aprotinin (Bayer, Leverkusen, Germany). Tube formation was visualized by fluorescence microscopy and tube area, tube length, the number of junctions and the number of tubes was quantified using the Angiotool software [24] . Therefore, photos were first edited in Photoshop CS5 (Adobe Systems Software, Dublin, Ireland) to erase dead and single endothelial cells which interfered with tube quantification. Secondly, contrast and brightness of the photos was adjusted and background was subtracted using ImageJ/Fiji software [47] prior to analysis with Angiotool.
Statistics
Statistical analyses were performed using Graphpad Prism 6.04 (Graphpad Software, San Diego, CA, USA). Normal distribution of the data was tested using the d'Agostino and Pearson omnibus normality test. Multiple comparisons between groups were performed by one way ANOVA and Tukey's posttest for normally distributed data and by Kruskal-Wallis test and Dunn's posttest for non-parametric data. Differences were considered significant at p < 0.05. Significance levels were given as follows: *p < 0.05; **p < 0.01; ***p < 0.001 and # p < 0.0001.
